The tumor suppressor p53 has defined roles in varied cellular processes including apoptosis and DNA repair. While conventional genomic approaches have suggested a large number of p53 targets, there is a need for a systematic approach to validate these putative genes. We developed a method to identify and validate p53's transcriptional behavior by utilizing 16 non-synonymous p53 single-nucleotide polymorphism (SNP) variants. Five SNPs located within the DNA-binding domain of p53 were found to be functionally null, whereas the other 11 SNPs were p53WT-like in behavior. By integrating p53 ChIP-seq analysis with transcriptome data from the p53 SNP variants, 592 genes were identified as novel p53 targets. Many of these genes mapped to previously less well-characterized aspects of p53 function, such as cell signalling, metabolism, central nervous system, and immune system. These data provide pivotal insights into the involvement of p53 in diverse pathways of normal physiological processes and open new avenues for investigation of p53 function.
The tumor suppressor p53 has defined roles in varied cellular processes including apoptosis and DNA repair. While conventional genomic approaches have suggested a large number of p53 targets, there is a need for a systematic approach to validate these putative genes. We developed a method to identify and validate p53's transcriptional behavior by utilizing 16 non-synonymous p53 single-nucleotide polymorphism (SNP) variants. Five SNPs located within the DNA-binding domain of p53 were found to be functionally null, whereas the other 11 SNPs were p53WT-like in behavior. By integrating p53 ChIP-seq analysis with transcriptome data from the p53 SNP variants, 592 genes were identified as novel p53 targets. Many of these genes mapped to previously less well-characterized aspects of p53 function, such as cell signalling, metabolism, central nervous system, and immune system. These data provide pivotal insights into the involvement of p53 in diverse pathways of normal physiological processes and open new avenues for investigation of p53 function. Cell Death and Differentiation (2014) 21, 521-532; doi:10.1038/cdd.2013.132; published online 27 September 2013
The tumor suppressor p53 acts as a master regulator of cellular stress responses through transcriptionally regulating specific target genes involved in diverse cellular functions including cell cycle arrest, apoptosis, and DNA repair. 1 With the aid of large-scale screening techniques, it has become clear that the scope of p53 functions is much broader than previously thought, 2, 3 expanding to cellular and physiological processes such as metabolism 4 and development. 5 To have a better understanding of this important tumor suppressor, we must be able to study the full complexity of its downstream effects and this requires the efficient identification and validation of genes directly regulated by p53. To date, there are fewer than 150 validated p53 target genes [6] [7] [8] and at the same time validation studies have been slow, which is a limitation on the progress in this field.
In order to be regulated by p53 a gene must possess the appropriate cognate response element (RE) within its regulatory region. However, our previous study has shown that simple sequence motif identification is not sufficient, as the p53RE exhibits variable binding kinetics that are dependent upon the dinucleotide core 'CWWG' combinations. 9 These variables often result in spurious outcomes and hence we are in need of more robust approaches to accurately identify p53 transcriptional networks.
Here, we describe an unbiased method to review 135 reported p53 target genes and at the same time identify new p53 targets on a genome-wide scale. We utilized wild-type (WT) p53 together with 16 allelic replicates comprising all reported non-synonymous single-nucleotide polymorphism (SNP) variants of p53. As the transcriptional functions of these 16 SNPs have not been well studied, we first developed a customized luciferase assay with promoter reporter vectors encompassing all combinatorial forms of the dinucleotide core 'CWWG' to analyze the p53 SNPs, which separated them into two distinct functional groups of p53WT-like and p53null-like variants. This functional partitioning enabled the characterization of each p53 SNP as a pattern response and allowed the differential behavior of p53WT and its 16 SNP variants to be reflected in their capacity to drive different programs of transcriptome activity. Interrogating the genome using allelic forms of p53 as replicates, with each variant functionally characterized for their binding kinetics to the p53RE, has yielded a set of p53 target genes, many of which had not been previously identified.
Results
p53 SNP variants possess distinct transcriptional and DNA-binding properties. To identify novel p53 direct target genes on a genome-wide scale, we sought to improve the traditional gene expression profiling-based methods by applying a comprehensive functional assessment of natural p53 polymorphisms. Constructs of the p53 variants expressing all reported exonic missense polymorphisms 10, 11 were generated using site-directed mutagenesis, covering 16 SNPs located in the p53 transactivating domain (TAD) P47S, proline-rich domain (PD) P72R, DNA-binding domain  (DBD) R110L, R110P, D184N, V217M, R248Q, N263D,  R267W, P278A, R290H, linker region N311S, G360A,  oligomerization domain (OD) E339K, or in the negative  regulatory domain (NRD) S366A, S378P (Figure 1a;  Supplementary Table 1) . 12 To provide a more robust and reliable method for determination of p53 regulated transcription, we developed two customized assays, one to accurately assess the transcriptional function of p53 using a p53RE-driven luciferase system comprising all combinations of the core CWWG motif 9 and the second a sensitive DNA binding assay to understand the correlation between transcriptional activity and the capacity of p53 to bind DNA (Figure 1b) .
The transcriptional activity of each p53 SNP variant was measured by the combinatorial p53RE assay and compared against WT p53 (p53WT). When the results were plotted as a 16-point regression line, it revealed two distinct behaviors of the 16 p53 SNP variants (Figure 1c ): 11 resembled p53WT across all CWWG combinations Figure 1 p53 SNP variants possess different transcriptional activities. (a) Schematic representation of the location of 16 p53 SNPs within TP53. The amino-acid number marking the beginning and end of each domain is also indicated. A structural image showing the SNP locations available from the reported p53 protein structure (PDB code: 1TSR) 12 was generated using the PyMOL Molecular Graphics System and shown at the bottom panel. (b) Flowchart showing strategy using functional assessment of p53 SNP variants to validate known p53 targets and identify novel p53 targets. (c) Correlation analysis of fold change in luciferase activity for p53WT versus each of the 16 p53 SNPs relative to pcDNA3.1 control showed that the 11 p53 SNPs functionally behave like p53WT in regulating the target promoter activity (red), whereas the other 5 SNPs are functionally null (blue). Background LASP1 gene promoter luciferase constructs containing 16 different dinucleotide core combinations were used. R: correlation coefficient. (d) DNA binding activity of p53WT-like SNPs and p53null-like SNPs to the p21 p53RE sequences (wild type or mutant) was determined by ProLabel p53-DNA binding assay. The 11 p53WT-like SNPs bind effectively to the p21 p53RE as the wild-type p53 does, in contrast, the 5 p53null-like SNPs show minimal binding. Data are representative of three independent experiments (mean ± S.D.). Abbreviations: TAD, transactivating domain; PD, proline-rich domain; DBD, DNA-binding domain; OD, oligomerization domain; NRD, negative regulatory domain (p53WT-like) (R 2 ¼ 0.772-0.969), whereas the remaining 5 SNPs, all located in the DBD (R110L, R110P, R248Q, R267W, and P278A, R 2 ¼ 0.016-0.299), lost their ability to regulate the p53 target RE constructs (p53null-like).
Three established p53 targets, p21 (also known as CDKN1A), 13 PLK3, 14 and RNF144B (also known as p53RFP), 15 were tested as an additional confirmation for transcriptional functions of p53 SNP variants. The luciferase results using promoter constructs bearing the respective p53RE together with the real-time qPCR analysis for the mRNA expression (Supplementary Figure 1) recapitulated the differential patterns, thus further validating the efficacy of the combinatorial p53RE assay.
As the loss-of-function p53 variants all possessed SNPs within the DBD (though not all DBD SNPs were loss-of-function), we asked whether this was due to a direct effect on their ability to bind the p53REs. To test this, we developed a second customized assay using a ProLabel Protein-DNA assay system (Clontech Laboratories, Inc., Mountain View, CA, USA) by generating a series of pProLabel vectors carrying p53WT or different SNP variants to express ProLabel-tagged human p53 protein variants for testing their binding to the p53RE of the p21 gene. 13 The results showed a perfect agreement in which the p53WT-like SNPs bound strongly to the established p53RE, whereas the p53null-like SNPs showed negligible binding ( Figure 1d ).
p53 SNP variants possess differential functional characteristics. To determine the functional impact of the different DNA-binding and transcriptional activities of the p53 SNP variants, we proceeded to measure apoptosis which is a process highly dependent on p53 activation. 16 The results showed a clear separation of Caspase 3/7 activity levels between p53WT-like and p53null-like groups of variants in both unstressed (Supplementary Figure 2) and stressed conditions such as 5-fluorouracil (5-FU) treatment (Figure 2a) .
The differential abilities of p53 SNPs in driving apoptosis were further evaluated using three representative p53WT-like SNPs (P47S, P72R, and V217M) and the five p53null-like SNPs by additional evidence. Cells transfected with the p53WT-like SNPs proliferated slower than p53null-like SNPtransfected cells (Supplementary Figure 3a) . In addition, no increase in cell number was observed for cells with overexpressed p53WT-like SNPs after 48 h of exposure to 5-FU (Figure 2b ) or Doxorubicin (Dox) (Supplementary Figure 3b) , while p53null-like SNP-transfected cells remained proliferative, suggesting that these SNPs could adversely affect the activation of p53 following genotoxic insult. Another measurement of cellular apoptosis using Annexin V labelling confirmed that cells transfected with p53WT-like SNPs were undergoing cell death, while the p53null-like SNPs were dying at a comparable rate to the pcDNA3.1 control transfectants (Figure 2c ). Propidium iodide staining supported the Annexin V data: 5-FU-treated p53WT-like SNP transfectants exhibited cell death rates averaging 50.3% (range 49.4-51.9%), whereas p53null-like SNPs averaged 30.2% (19.1-40.1%, Figure 2d ). These effects were not specific to chemically induced DNA lesions and were also seen following ultraviolet (UV) treatment of transfected cells (Supplementary Figure 4) . Thus, the initial observation of two distinguishable groups of p53 SNP variants based on their DNA-binding and transcriptional activity is further supported by observations on their functional effects in whole-cell assays.
To test whether there is any combination effect of the polymorphs, we generated nine constructs covering all combined forms of the five p53null-like SNPs in two different sites and assessed their functions by both luciferase promoter assay and Caspase 3/7 assay. The results showed that these SNP variants consistently lost their functions no matter whether they exist alone or in combination with any of the other one (Supplementary Figure 5) .
To further investigate the functional effect of p53 SNP variants, we tested the dose effect of p53WT and a p53 SNP variant transfected into HCT116 (p53 À / À ) cells. Figure 2e shows that having a single copy of p53WT in combination with any of the p53 SNP variants tested is able to efficiently drive promoter activity of the p21 gene. By replacing p53WT with a second copy of the same SNP, there is a dramatic loss of function in the case of the p53null-like SNPs; while p53WT-like SNPs retained a similar level of activity as p53WT (Figure 2f ). Strikingly, when p53WT was replaced by the dominant-negative mutant R175H, in combination with any of the five p53null-like SNPs, we observed a complete loss of function (Figure 2g ). In contrast, the p53WT-like SNPs maintained a high level of activity even in the presence of the R175H mutant, suggesting that these variants functionally resemble p53WT, and so can legitimately be considered as functional alleles of the WT tumor suppressor. These data not only revealed that p53null-like SNPs cause potentially deleterious functional defects, but also highlighted the opportunity to utilize them as biologically relevant negative controls, similar to dominant-negative p53 mutants such as R175H.
Enhanced validation of known p53 targets using gene expression profiling of p53 SNPs. A reference panel of well-characterized p53 targets (n ¼ 135) were first compiled from the literature (Supplementary Table 2 ) and we asked the question whether the evaluation of these genes using the p53 SNPs as biological replicates can provide a stringent assessment for their p53 response. First, each of the 16 p53 SNP constructs were separately transfected into HCT116 (p53 À / À ) cells and their expression profiles measured by Exon Array. Student's t-test was introduced to assess the significance of fold change (FC) for the set of 135 reference panel genes. In all, 118/135 genes were found to conform to the differential expression pattern in p53WT-like and p53null-like SNP transfectants with a calculated significance of Po0.05 (Supplementary Figure 6 ; Supplementary Table 3) . When analyzing these genes as a whole, the p53WT-like variants correlated strongly with the p53WT control ( Figure 3a Two other genome-scale studies that utilized comparable microarray profiling and chromatin-IP coupled sequencing techniques had listed a number of p53-regulated genes. A search within these 2 studies for genes that corresponded to the reference list of 135 reported p53 target genes showed that only 24/135 genes (17.8%, Wei et al. 17 ) and 55/135 genes (40.7%, Nikulenkov et al. 18 ) were correctly identified among the reference list. In comparison, our current study was able to validate 118/135 (87.4%) reported p53 target genes ( Figure 3d ). When the three studies are compared for their coverage of p53 targets, our current study successfully picked out 69 unique genes which were missed by the other 2 studies (Figure 3e ), demonstrating a highly sensitive and reliable method in validation of p53 targets. Identification of novel p53 target genes. Another potential application of this method is to apply the Exon Array expression patterns toward identifying novel p53 target genes. To do so, 10 genes that were confirmed by all three studies ( Figure 3e ) were used to generate a classifier set. On the basis of these 10 genes, an inclusion criteria to be used Data sets were obtained from three independent studies on p53 targets. Individual genes were highlighted with background colors when successfully validated by the current study (red), Wei et al. 17 (purple) or Nikulenkov et al. 18 (orange). (e) Overlap of well-characterized reported p53 targets validated by the current study (red), Wei et al. 17 (purple) and Nikulenkov et al. 18 (orange)
as a cutoff point was calculated to be median FCZ0.248 (Po0.05). To enhance the identification of direct p53 targets, we also performed genome-wide chromatin immunoprecipitation coupled sequencing (ChIP-seq) on two different cell types HCT116 (p53 þ / þ ) and normal human peripheral blood mononuclear cells (PBMCs) and their combined data set were used to provide more robust coverage of chromosome segments.
By applying the inclusion criteria together with ChIP-seq confirmation, a list of potential p53 targets (n ¼ 664) were thus derived from the screen (Figure 4a) . Among the 664 genes, 72 were found to be well-characterized reported targets and they showed a high degree of concordance in their differential expression patterns with the remaining 592 novel gene targets (Supplementary Figure 8; Supplementary Tables 4-6 ). In contrast, only 8 genes from Wei et al. 17 and 24 genes from Nikulenkov et al. 18 were similarly found to be present (Figure 4a ). The mRNA expression of these novel p53 targets in 11 p53WT-like SNP-transfected cell showed a strong correlation with p53WT, whereas the 5 p53null-like SNPs showed no correlation (Figures 4b-d; Supplementary  Figure 8) . A combined correlation analysis of the set of reported target genes validated by the current study (n ¼ 118) with the 592 newly identified targets also highlighted a high degree of consistency (R 2 ¼ 0.869; Figures 4e-g ).
Insights from the globally mapped p53 targets. The globally mapped p53 targets that were validated and newly identified by the current study were clustered into 14 major functional categories (and one group of unknown function) based on the gene annotation ( Figure 5a ). As expected, 'apoptosis', 'cell-cycle regulation', and 'cellular stress and DNA damage response' predominated in terms of known genes. This suggests that the past p53 studies were largely focused on these classical p53 functions. In contrast, many new target genes were seen in the other gene clusters including 'cell signalling', 'biosynthesis and metabolism', and 'cell motility' (Figure 5b ), indicating that p53 has a potential functional involvement in a more variety of cellular processes than that was previously thought. As a master tumor suppressor gene (TSG), p53 regulates many other tumor-associated genes (TAGs). We tabulated Table 8 Mapping the p53 transcriptome using polymorphs B Wang et al the number of TAGs and non-TAGs from the current gene list (Figure 5c ; Supplementary Table 7) . Not surprisingly, the majority of known target genes (66%) are tumor associated, including 60 TSGs, 10 oncogenes, and 8 other TAGs. However, among novel target genes only 26% were TAGs, showing that our unbiased approach had uncovered a large proportion of genes potentially regulated by p53 that are involved in cellular phenomena distinct from cancer.
In accordance with our finding of p53-regulated genes outside the tumor categories, there is increasing evidence that p53 is an important regulator in both normal physiology and disease. 16 Several p53 targets have been associated with non-cancerous conditions, such as neurological diseases (HTT), 19 ophthalmic diseases (EPHA2), 20 and developmental disorders (CAV1, TFAP2A). 21, 22 Indeed, 97 of the 592 novel p53 targets we identified are associated with diseases across 10 major categories (Figure 5d ; Supplementary Table 8) ; these include eczema (LCE3C), rheumatoid arthritis (FAM167A, IKBKB, STAT4, etc.), and diabetes (CPE, ENPP1, KCNQ1, RBM43, etc.). Intriguingly, 10 genes (BMP8A, CLGN, INPP5B, etc.) are associated with infertility and suggest a possible role of p53 in human reproduction.
A more cohesive view of transcriptional regulation can be gained when target genes are considered within a broader network; to achieve this Ingenuity Pathway Analysis (www.ingenuity.com) was used to link p53-regulated genes within their functional clusters (Figure 5a ). Even in the established p53-regulated functional networks such as apoptosis and cell-cycle regulation (Supplementary Figure 9) , the addition of several new gene candidates has enriched these pathways.
Validation of novel p53 targets. To confirm whether the novel potential targets respond to changes in p53 levels, 20 genes were randomly selected from the novel p53 target list (n ¼ 592) for validation: HCT116 (p53 À / À ) cells separately transfected with 16 p53 SNP variants were assayed for their mRNA expression by qPCR. While in cells transfected with the p53null-like SNPs, there was no notable upregulation of the genes tested, the p53WT-like transfectants markedly induced the target genes (Figure 6a) . For further validation, we applied two additional treatments which are specific to p53, that is, Nutlin 3 induction 23 and p53 siRNA knockdown. The results showed that all 20 genes responded to these treatments in a p53-dependent manner, and therefore provides strong support for the list of novel p53 targets (Figures 6b and c) .
To provide further validation of the list, we chose a single gene for functional assessment. One of the strongest responders to p53 regulation was STAT4, a critical mediator in IL12-induced interferon gamma (IFNg) production. 24, 25 Transfection of WT p53, but not the p53null-like SNP P278A in HCT116 (p53 À / À ) cells induced activation of STAT4 mRNA expression (Figure 7a ) as well as its corresponding protein (Figure 7b ), while knockdown of p53 in HCT116 (p53 þ / þ ) cells significantly diminished STAT4 expression (Figures 7c and d) . In addition, treatment with Nutlin 3 or 5FU had similar effects that were also dependent on p53 (Figures  7e and f) . A putative RE sequence identified from ChIP-seq peaks based on the p53 consensus binding sequence 9, 26 was validated by luciferase promoter-driven assay (Figure 7g ), tested to show a strong binding affinity to WT p53 protein but not the five p53null-like SNPs (Figure 7h) , and thus can be confirmed to be the bona fide p53 responsive element (Figure 7i) . A duplicate set of validations using Hep3B (p53 À / À ) and HepG2 (p53 þ / þ ) cells as well as Saos-2 (p53 À / À ) and U2OS (p53 þ / þ ) cells (Supplementary Figure 10) provided further evidence of the direct regulation of STAT4 by p53. Next, we measured the transcriptional activation of IFNg in phytohemagglutinin (PHA)-stimulated PBMCs. A significant upregulation of STAT4 as well as IFNg mRNA levels in response to Nutlin 3 was observed in both IL12-and solvent control-(PBS) treated cells (Figure 7j ). Consistently, a specific IFNg enzyme-linked immunosorbent assay (ELISA) showed that Nutlin 3 could significantly enhance the production of IFNg (Figure 7k ). These results suggest that p53 could affect IFNg secretion by directly regulating STAT4 transcription.
Discussion
Despite the extensive use of large-scale gene expressionbased screening methods such as microarray, and genome-wide binding site searches using ChIP-coupled analysis 17 or computational RE scans, 27,28 the universe of the p53 transcriptome has not been efficiently reproduced or validated. To provide a more robust and reliable approach, we developed a functional differentiation assay using the unique platform of p53RE CWWG core combinations to interrogate the transcriptional properties of p53 non-synonymous SNP variants. As each SNP variant is measured by 16 different combinations of CWWG (CATG, CAGG, CCGG, etc.), their transcriptional behavior is accurately scored as an R 2 value, which allowed the SNP variants to be differentiated into p53WT-like and p53null-like groups (Figure 1 ). In addition, we searched the IARC p53 database (http://p53.iarc.fr/) 29 and retrieved the information for the clinical association of the SNP variants with p53 mutations found in a wide variety of cancers. The results showed that of the 1131 somatic mutations associated with p53 SNP variants, 93.1% (1053/1131) correlated with the p53null-like SNPs, while 50/61 (81.9%) are linked to the null-like variants at the germline level (Supplementary Table 9 ). This suggests that there is a significantly higher incidence of these alleles among human cancers.
The 11 p53WT-like SNP variants were utilized as 'allelic replicates' of WT p53, whereas the five p53null-like SNP variants served as dominant-negative controls for p53. The importance of replicates in microarray gene expression studies to provide reliability and improve data quality has been well documented. 30 In p53 expression profile studies, several dominant-negative forms of p53 mutants are easily available for use as replicates of negative display. [31] [32] [33] However, with WT p53 only a single form was utilized for positive display. Hence, the combinatorial CWWG p53RE assay was particularly valuable in its capacity to partition the p53 SNP variants, such that along with the p53WT, there are now 11 allelic replicates and for p53 null function, there are 5 allelic replicates.
Indeed, Exon Array data showed that these two groups of p53 variants elicited very different expression profiles when transfected into HCT116 (p53 À / À ) cells and these resulted in validation of 118 out of 135 known p53-activated targets. Although our method validated 87.4% of the reference p53 gene list, it is possible that the remaining 17/135 genes that were missed may have tissue-specific expression patterns or other transcriptional regulatory variations. There is evidence showing that both the cell type and the nature of the stress signal can affect the modulation of the transcriptional pattern of p53-responsive genes. 8 This conditional induction of expression is suggestive of the complexity of p53-regulated gene networks and the use of this strategy on other cell types may yield additional valuable perspectives.
Applying the stringent criteria derived from the 10 overlapping genes validated by all three studies and integrating a genome-wide ChIP-seq analysis, 592 novel genes were found to match the criteria, and a pooled analysis (n ¼ 710) showed a close correlation for the p53WT-like SNPs (Figure 4e ). The diversity of p53 functions is further illustrated by the functional classification analysis of both validated and novel identified p53 targets, which links p53 to many physiological function groups such as immune system, cell signalling, and cell motility. The functional distribution shown in Figure 5b indicated that the roles of p53 in certain cellular processes, such as apoptosis pathway (22/30 genes) are well established, while its potential functions in some other aspects, for example, the central nervous system (4/33 genes) are underestimated.
In this study, STAT4 was used for further validation and demonstrated to be a bona fide transcriptional target by p53, and this may provide an explanation for the dampening of the inflammatory response observed in cancers such as adult T-cell leukemia/lymphoma (ATL) in which both STAT4 and IFNg have been reported to be significantly reduced. 34 In addition, although several studies proposed the cross-talk between the interferon system and p53, [35] [36] [37] [38] it is still unclear whether p53 regulates the type II interferon gene IFNG. Our results, for the first time, established the connection from p53 activation to enhanced IFNg release in PHA-stimulated PBMCs via upregulation of STAT4 expression.
In summary, our results establish that sixteen p53 nonsynonymous SNPs can be partitioned into two distinct functional groups, and thus are a useful tool with which to assess the global p53 transcriptome. Our data reveal that the universe of p53 targets extends more widely and deeply than previously thought, and suggest that there are many novel cellular and physiological functions regulated by p53. Future applications of this approach in other cell sources or with other stress signals will greatly contribute to a better understanding of p53 in health and disease.
Materials and Methods
Cell lines and cell culture. The human colon cancer cell line HCT116, its derived isogenic p53
À / À cells, the p53WT (pCMV-p53), and mutant p53 (pCMVp53-R175H) expression vectors were kindly provided by Dr Bert Vogelstein (Johns Hopkins University). The human liver cancer cell line HepG2 (HB-8065) and Hep3B (HB-8064) were purchased from ATCC, and the human osteosarcoma cell lines U2OS and Saos-2 were gifts from Dr Qiang Yu (Genome Institute of Singapore). All cells were maintained in Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum.
Constructs, siRNAs, and drugs. Expression vectors of 16 different p53 SNPs and 9 double variants were generated using the QuickChange Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) with primer sequences listed in Supplementary Table 10 . The promoter regions of p21, PLK3, and RNF144B each containing their p53 REs were cloned into pGL3-Basic vector (Promega, Madison, WI, USA). Primers used to separately isolate these promoter regions by PCR are listed in Supplementary Table 11 . To validate the functionality of proposed REs of STAT4, the putative RE sequence was annealed and directly cloned between SacI and XhoI restriction sites upstream of the minimal SV40 promoter in pGL3-Promoter vector (Promega). Annealing primers are listed in Supplementary Table 11 . Stealth select RNAi duplexes for human TP53 (HSS110905/sip53-1, 5
0 -GCUUCGAGAUGUUCCGAGAGCUGAA-3 0 ; HSS186390 /sip53-2, 5
0 -GAGUGGAAGGAAAUUUGCGUGUGGA-3 0 ) and negative control siRNA duplex (medium GC/siCtrl) were purchased from Life Technologies. Lipofectamine 2000 reagents (Life Technologies, Carlsbad, CA, USA) were used for transient transfection of either expression plasmids or siRNAs. 5-FU, Dox, and Nutlin 3 were purchased from Sigma-Aldrich (St. Louis, MO, USA). UV treatment was performed using a UVC 5000 crosslinker (GE Healthcare, Little Chalfont, UK).
Combinatorial p53RE assay. The 16 luciferase constructs based on the LASP1 promoter region containing different CWWG core motifs used in this study have been described previously. 9, 39 Different promoter luciferase reporter constructs (2 mg/ml) were co-transfected with pCMV-p53, pCMV-p53-SNPs, pCMV-p53-R175H, or pcDNA3.1 control plasmid (20-200 ng/ml), together with 20 ng/ml of Renilla control vector into HCT116 (p53 À / À ) cells plated in 96-well Flat Clear Black Microplates (Corning Incorporated, Corning, NY, USA). Thirty hours post transfection, the luciferase activity was measured by the DualLuciferase Reporter Assay System (Promega). For all luciferase assays, the normalized luciferase activity of each construct (Firefly/Renilla ratio) in the pCMVp53 or pCMV-p53-SNPs co-transfected cells was then compared with that of the pcDNA3.1 control co-transfected cells.
ProLabel p53-DNA binding assay. ProLabel p53-DNA binding assay was performed to measure the binding affinity of different p53 SNP variants to p53 target RE sequences according to the manufacturer's protocol (Clontech Laboratories, Inc.). The human WT p53 gene sequence was cloned between EcoRI and BamHI restriction sites of pProLabel-C vector using primer set 5'-AAAGAATTCTATGGAGGAGCCGCAGTCAGATCCTA-3' (forward) and 5'-AAAGGATCCTCAGTCTGAGTCAGGCCCTTCTGT-3' (reverse). All pProLabel constructs carrying p53 variant sequences were then made by site-directed mutagenesis using pProLabel-p53WT as a template, using the same primer sequences as in Supplementary Table 10 . Different pProLabel vectors were separately transfected into HCT116 (p53 À / À ) cells (4 mg per 2 million cells) and 48 h later, cells were lysed with TALON Extractor Buffer (Protease inhibitor added) and the protein concentration quantified by the Bradford assay reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA). In all, 100 mg of total cell lysate was used per binding reaction, and sequences for the biotinylated DNA probes (2 pmol per reaction) are listed in Supplementary Table 12 .
WST-1 cell proliferation assay. HCT116 (p53 À / À ) cells transiently transfected with different p53 expression plasmids were harvested 24 h after transfection and replated into 96-well plates in triplicates in medium containing 5-FU (50 mg/ml) or Dox (10 mM). The number of living cells was measured daily using a modified MTT assay (WST-1 reagent; Roche Applied Science, Penzberg, Germany) according to the manufacturer's protocol. . Forty-eight hours later, cells were harvested and fixed in ice-cold 70% ethanol for 4 h. After treatment with RNase A (100 mg/ml) for 5 min, the cells were stained with propidium iodide (50 mg/ml, Sigma-Aldrich) for 60 min in the dark at room temperature. The DNA content of the stained cells was analyzed using a FACSCalibur with the CellQuest software (Becton Dickinson).
Caspase 3/7 assay. HCT116 (p53 À / À ) cells were seeded in 96-well plates for overnight incubation before transient transfection with p53WT or different p53 SNP expression plasmids, in triplicate. Twenty-four hours later, caspase 3/7 activity was measured using the Caspase-Glo 3/7 Assay (Promega) according to the manufacturer's instructions.
Whole-genome exon array. p53WT, the 16 p53 SNP expression vectors, and the pcDNA3.1 control plasmid were separately transfected into HCT116 (p53 À / À ) cells. Total RNA was extracted 24 h post transfection, and 1 mg of total RNA was used for GeneChip Human Exon 1.0 ST Arrays (Affymetrix, Inc., Santa Clara, CA, USA) according to the manufacturer's instructions. After washing and staining by an Affymetrix Fluidics Station, the hybridized arrays were scanned on a Gene Array Scanner 2500 (Affymetrix) to capture the raw probe signal intensities. Background subtraction, quantile normalization, and summarizing probe sets from Affymetrix expression microarrays employed the Affymetrix Power Tools (APT) software. The resulting probeset signals were annotated by the Affymetrix annotation library HuEx-1_0-st-v2.na30.hg19.probeset.csv. FC was calculated for each individual gene as the percentage change of the differences between the average positive (p53WT and 11 p53WT-like SNPs) and negative values (pcDNA3.1 control and 5 p53null-like SNPs) relative to the negative measurements. Differences between positive and negative measurements were also analyzed using paired two-tailed Student's t tests with P-values o0.05 considered as statistically significant.
ChIP-seq and data analysis. ChIP was carried out using HCT116 (p53 þ / þ ) cells and healthy donor PBMCs treated with 5-FU (50 mg/ml) for 24 h as described. 17 In all, 10 ng of ChIP or input DNA was used for library construction and single-end 36 bp sequencing using Illumina Genome Analyzer IIx was performed by Genotypic Technology (Bangalore, India) according to the standard protocol. Raw illumina ChIP-seq fastq files were analyzed at Galaxy (http://main.g2.bx.psu.edu) and Galaxy/Cistrome (http://cistrome.org). Briefly, single-end ChIP-seq reads were mapped to human reference genome assemblies HG19 using an ultrafast and memory-efficient short read aligner Bowtie 40 taking into account the maximum of two mismatches permitted in the seed of 28 nt in length. ChIP-seq peak calling from mapped reads via MACS 41 empirically models the sequenced ChIP fragments (tag size of 36 nt) with a dynamic Poisson distribution to effectively capture local biases in the genome sequence, and uses it to improve the spatial resolution of predicted binding sites that satisfied a P-value cutoff of 0.00001. R script was used for annotation.
RNA isolation and real-time qPCR analysis. Total RNA was isolated from experimental cells using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and cDNA was synthesized using the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). The mRNA expression of p53 target genes was analyzed by real-time quantitative PCR using the KAPA SYBR FAST qPCR Kit (KAPA Biosystems, Inc., Woburn, MA, USA) according to the manufacturer's instructions. HPRT was used as a housekeeping gene with primer set HPRT-F: 5 0 -GTAATGACCAGTCAACAGGGGAC-3 0 and HPRT-R: 5 0 -CCAG CAAGCTTGCGACCTTGACCA-3 0 . All other primers for real-time qPCR are listed in Supplementary Table 13 .
Western blot. Cells were lysed with cell lysis buffer (50 mM Tris-HCl, pH7.8, 150 mM NaCl, 1% Nonidet P-40) on ice, supplemented with the complete protease inhibitor cocktail (Roche Applied Science) for 30 min at 4 1C and the protein concentration determined by the Bradford Protein Assay (Bio-Rad). Approximately 15-20 mg of cell lysate was separated by 10% SDS-polyacrylamide gel electrophoresis, and transferred onto Hybond PVDF membranes (GE Healthcare). Primary antibodies against p53 (DO-1, sc-126), p21 (C-19, sc-397), and STAT4 (C-20, sc-486) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and appropriate HRP-conjugated secondary antibodies (Agilent Technologies) were used for protein detection. Signals were visualized with enhanced chemiluminescence (ECL) reagents (GE Healthcare). Equal loading of protein samples was verified with an antibody to b-actin (Millipore Corporation, Billerica, MA, USA).
Pathway analysis and structural display. Pathway analysis was generated through the use of IPA (Ingenuity Systems; www.ingenuity.com). The structural image indicating the SNP locations was generated using the PyMOL Molecular Graphics System, Version 0.99rc6 (PyMOL, DeLano Scientific LLC, Palo Alto, CA, USA).
Enzyme-linked immunosorbent assay. Fresh PBMCs extracted from a healthy donor were first cultured in the presence of PHA-L (20 ng/ml, Roche) for 72 h. Proliferated T lymphocytes were isolated, counted, and plated into 24-well plates for Nutlin 3 (25 mM) treatment for 24 h before IL12 (50 ng/ml, Human Recombinant IL12; R&D Systems Inc., Minneapolis, MN, USA) was added for another 24 h. Supernatant was then collected by centrifugation for detecting IFNg production using a Human IFNg ELISA kit (Thermo Fisher Scientific) according to the manufacturer's instructions. The concentration of IFNg released was calculated using an IFNg standard curve and then normalized to the percentage of living cells measured by LDH assay with the Cytotoxicity Detection Kit Plus (Roche).
Statistical analyses. Experiments were repeated three times with similar results, and representative images or data are shown. Differences between averages and percentages of control and test conditions were statistically analyzed using paired two-tailed Student's t tests with the Prism GraphPad Software (GraphPad Software Inc., San Diego, CA, USA). P-values o0.05 were considered as statistically significant.
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